Ribosomes are highly conserved given the importance of protein synthesis to cell survival. Although small differences in structure and functions exists in ribosomes from different species of bacteria, archaea and eukaryotes, the general structure and function remains conserved across species in the same domain of life. Thus, are ribosomal proteins that constitute ribosomes highly conserved between species in the same domain or do they possess sufficient sequence variation that help identify individual species? Having differentiated sequence would mean that ribosomal proteins from different species might account for differences in structure and function of the ribosomes in different species. Using ribosomal protein amino acid sequence information from Ribosomal Protein Gene Database for calculating molecular mass of ribosomal proteins, this study sought to determine if the molecular mass of a set of ribosomal proteins from a species could constitute a unique ribosomal protein mass fingerprint. In addition, the question of whether unique ribosomal protein mass fingerprint exists between different species in the three domains of life was also examined. Results revealed that distinct molecular mass of individual ribosomal protein could aggregate into a unique ribosomal protein mass fingerprint for individual bacterial, archaeal and eukaryotic species. Such ribosomal protein mass fingerprints could potentially find use in microbial identification through gel-free matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) profiling of solubilized ribosomal proteins. Obtained ribosomal protein mass spectrum could be compared with those catalogued in a reference database of known microorganisms where pattern recognition algorithms could determine a match. Additionally, existence of theoretical ribosomal protein mass fingerprint across species in the three domains of life also pointed to the presence of small differences in structure and function of both the large and small ribosome subunit. Such differences could reveal possible differentiated ribosomal structure and function in different species even though the general structure and function of the ribosome is conserved across species. Collectively, distinct molecular mass of individual ribosomal proteins in species pointed to a unique ribosomal protein mass fingerprint that could find use in microbial identification through gel-free mass spectrometry analysis of solubilized ribosomal proteins. Differences in mass of ribosomal proteins across species also highlighted existence of ribosomes of differentiated structure and function between different species even though the general structure and function of the ribosome remains highly conserved. 
Significance of the work
Important cellular processes such as protein synthesis naturally demand high conservation of the constituent proteins and molecular machines that partake in the process. Thus, ribosomes and their constituent ribosomal proteins should be highly conserved from the evolutionary perspective. Specifically, the shape and function of ribosomes which are dependent on the ribosomal proteins should be similar across species in the same domain of life. However, calculation of molecular mass of ribosomal proteins in the large and small ribosome subunit of species across the three domains of life revealed distinct molecular mass of ribosomal proteins that constitute unique theoretical ribosomal protein mass fingerprint of different species. This suggested that the ribosomal proteins of different species encode a more varied amino acid sequence and richer evolutionary history than previously thought, which holds important implications for the structure and function of ribosomes. Known to be highly conserved, differentiation of the conserved general structure and function of the ribosome could exist due to the presence of myriad ribosomal protein of varied amino acid sequence. Thus, diversity in structure and differentiated function of the ribosome could exist in individual species. Presence of unique theoretical ribosomal protein mass fingerprint also point to the possibility of microbial identification, where gel-free mass spectrometry workflow utilizing matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) could profile solubilized ribosomal proteins that collectively bear a phylogenetic stamp of the species.
Introduction
Highly conserved proteins lack sequence variation that helps chronicle evolutionary trajectory traversed by the protein. Similarly, essential cellular functions such as protein synthesis are also performed by molecular machineries finely tuned for the task through evolution. Specifically, macromolecular complexes such as ribosomes that perform essential cellular functions are unlikely to be highly divergent in structure and function given the importance of biological structure in lending functionality to the complex. Thus, given the importance of ribosomes to protein synthesis, its structure should be highly conserved. But, could the same be said of the ribosomal proteins that constitute the ribosome even though ribosomes from the bacteria, archaea and eukaryotic lineage are highly conserved in structure and function?
The answer could be gleaned from molecular phylogenomics studies that aimed to understand the evolutionary significance of ribosomal proteins that constitute the ribosome. 1 Results indicated that ribosomal proteins are endowed with sufficient sequence variation that help chronicle the evolutionary processes and natural selection pressure that act on the proteins. 2 Thus, while conserved in sequence to a large extent, ribosomal proteins are sufficiently varied that helped provide phylogenetic information of individual microbial species. Specifically, ribosomal proteins could be used collectively as markers for the evolutionary divergence between different species. 3 Hence, ribosomal proteins are at the same time conserved and yet possess sufficient sequence variation to help encode the effects of evolutionary forces on the developmental trajectory of the protein, which enables ribosomal proteins to be used as phylogenetic markers for different microbial species. 4 Given that differences in protein amino acid sequence is likely to result in ribosomal proteins of different species to be of different molecular mass, taking the collective set of ribosomal proteins of the large and small ribosome subunits would thus provide a unique ribosomal protein mass fingerprint for individual species. Specifically, modern mass spectrometry tools such as matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is able to profile ribosomal proteins at mass resolution of at least 1 Da, which provides a means for determining the ribosomal protein mass fingerprint of the large and small ribosome subunit of individual species after solubilization of the proteins from the fractionated ribosome and direct MALDI-TOF MS analysis. 5 6 7 Since MALDI-TOF MS is a gentle ionization technique that does not fragment the molecular ion of the protein, data interpretation of the mass spectra obtained would be relatively easier compared to those obtained by other mass spectrometry methods such as electrospray ionization mass spectrometry (ESI-MS) which introduces multiple charging and protein fragmentation during the ionization process.
Thus, the objective of this study is to assess the feasibility of profiling a species-specific ribosomal protein mass fingerprint of the large and small ribosome subunit of a species via MALDI-TOF MS analysis of solubilized ribosomal proteins. To this end, the theoretical ribosomal protein mass fingerprint of the large and small ribosome subunit of different species of bacteria, archaea and eukaryotes were calculated based on amino acid sequence information of the ribosomal proteins available in the Ribosomal Protein Gene Database. 8 Obtained results revealed that ribosomal protein molecular mass differed between the same protein of different species of bacteria, archaea and eukaryotes. More importantly, unique ribosomal protein mass fingerprint of the large and small ribosome subunit exists for individual species of bacteria, archaea and eukaryotes; thereby, raising the possibility of its use as a marker for microbial identification after MALDI-TOF MS analysis of solubilized ribosome proteins. At another level, existence of unique ribosomal protein mass fingerprint of the large and small ribosome subunit of individual species of microbes also suggests possible differences in the structure and functions of ribosome of different species. Thus, although the general structure and function of the ribosome is highly conserved across species, small differences in structure and function could still be present given the presence of unique sets of ribosomal proteins. Table 1 shows the calculated molecular mass of ribosomal proteins of the small ribosome subunit of bacterial species. Four bacterial species were profiled for this analysis: Bacillus subtilis, Escherichia coli, Thermus thermophilus HB8, and Synechocystis sp. PCC 6803. Results revealed that the ribosomal proteins' molecular mass of each species were distinct and unique compared to those of the same protein from another bacterial species. In addition, a unique mass fingerprint exists for the ribosomal proteins of the small ribosome subunit of bacterial species. Table 2 shows the calculated molecular mass of ribosomal proteins in the large ribosome subunit of different bacterial species. Similar to the case for ribosomal protein in the small ribosome subunit of E. coli K-12, B. subtilis, T. thermophilus HB8, and Synechocystis sp. PCC 6803, unique mass was found for individual ribosomal proteins in the large ribosome subunit of each species that differed from that of the same protein in another species. This highlighted the existence of unique ribosomal protein mass fingerprint in the large and small ribosome subunit of bacterial species profiled, which point to a possible method for the identification of different bacterial species via ribosomal protein mass fingerprinting. In addition, existence of unique ribosomal protein mass fingerprint for the large and small ribosome subunit in each bacterial species profiled also highlighted that while the general structure and function of the ribosome is conserved across species, small differences in structure and function may exist in ribosomes of different bacterial species. Table 3 shows the calculated molecular mass of ribosomal proteins of the small ribosome subunit of archaeal species Sulfolobus tokodaii, Pyrococcus horikoshii, Methanococcus jannaschii, and Halobacterium salinarum NRC-1. Specifically, the data indicated that unique molecular mass existed for individual ribosomal protein of the small ribosome subunit of archaeal species that differed from that of the same protein in another species. Thus, similar to the case in bacterial species, unique ribosomal protein mass fingerprints also existed for the small ribosome subunit of archaeal species which could find use in microbial identification. 3088.77 Table 4 shows the calculated molecular mass of ribosomal proteins of the large ribosome subunit of archaeal species. Unique molecular mass of each ribosomal protein in the large ribosome subunit of individual archaeal species pointed to the existence of unique ribosomal protein mass fingerprint of the large ribosome subunit of archaeal species, which could be used in microbial identification through MALDI-TOF MS profiling of solubilized ribosomal proteins. Existence of unique ribosomal protein mass fingerprint of the large and small ribosome subunit of archaeal species also highlighted that small differences in structure and function of the ribosome subunits likely existed between different archaeal species due to unique sets of ribosomal proteins of different sequence and mass. Table 5 shows the calculated molecular mass of ribosomal proteins of the small ribosome subunit of eukaryotic species: Neurospora crassa, Fusarium graminearum, Cryptococcus neoformans, and Yarrowia lipolytica. Distinct molecular mass of individual ribosomal proteins of the small ribosome subunit of profiled eukaryotic species highlighted that unique ribosomal protein mass fingerprint existed for individual species. Given the large number of ribosomal proteins in the small ribosome subunit of eukaryotes, ribosomal protein mass fingerprint of the small ribosome subunit could find use in microbial identification especially in the case of fungus and molds that lack distinguishing phenotypic characteristics. Existence of unique ribosomal protein mass fingerprint of small ribosome subunit of eukaryotes also pointed to possible structural and functional differences in the small ribosome subunit of different eukaryotic species that did not affect basic processes of protein translation. Table 6 shows calculated molecular mass of ribosomal proteins of the large ribosome subunit of eukaryotic species. Similar to the case of the small ribosome subunit of eukaryotes, unique molecular mass also existed for individual ribosomal protein of the large ribosome subunit of different eukaryotic species. Thus, unique ribosomal protein mass fingerprint of the large and small ribosome subunit existed for individual eukaryotic species, which offers an alternative approach for the identification of hard to discriminate eukaryotic species such as fungus and molds. In addition, existence of unique ribosomal protein mass fingerprint of the large ribosome subunit of eukaryotic species also pointed to possible differences in structure and function of the large ribosome subunit. However, these differences in structure and function should be small and do not affect the main function of the ribosome: translation. Moreover, the general structure of eukaryotic ribosome should be similar while allowing small differences in less essential areas to exist between different eukaryotic species.
Materials and Methods

Amino
Results and Discussion
Overall, distinct molecular mass of ribosomal proteins in the large and small ribosome subunit of bacterial, archaeal and eukaryotic species highlighted the existence of unique ribosomal protein mass fingerprint of species in the three domains of life. Such distinctive ribosomal protein mass fingerprint offered possibilities in the identification of different bacterial, archaeal and eukaryotic species through gel-free mass spectrometric profiling of solubilized ribosomal proteins via MALDI-TOF MS. Specifically, microbes could be identified by comparing the profiled ribosomal protein mass spectrum with those of known microorganisms catalogued in a reference database. Besides possibilities in microbial identification, existence of unique ribosomal protein mass fingerprint of the large and small ribosome subunit also pointed to differences in the structure and function of the large and small ribosome subunit in different species. Specifically, while the general structure and function of the ribosome subunit should be similar given high level of conservation, small structural and functional differences in the ribosomes could nevertheless exist between different species.
Conclusions
Distinct molecular mass existed for individual ribosomal protein of the large and small ribosome subunit of different species from the three domains of life. Thus, unique ribosomal protein mass fingerprints existed for the large and small ribosome subunit that provided the conceptual and biological basis for a new approach towards microbial identification. Specifically, the approach is suited for gel-free mass spectrometric profiling of all solubilized ribosomal proteins of the large and small ribosome subunit that helps generate an experimental ribosomal protein mass fingerprint that could be compared with those of known microorganisms catalogued in a reference database. Similarly, comparison of experimental ribosomal protein mass fingerprint with theoretical ones of known microorganisms catalogued in a database could also be used for identification. Use of the gentle ionization method of matrix-assisted laser desorption/ionization (MALDI) coupled with a time-of-flight (TOF) mass analyser could help provide an approach towards the profiling of solubilized ribosomal proteins. Beyond possible use in microbial identification, existence of unique ribosomal protein mass fingerprint for individual species also highlighted possible existence of small structural and functional differences in the small and large ribosome subunit of different species. Specifically, the general structure and function of the ribosome is highly conserved and thus similar across species in different domains of life, but small differences in structure and function from ribosomal proteins of differentiated sequences could arise that did not impact on the overall purpose of the ribosome: protein translation. Thus, ribosomes of different species might be differentiated in structure and function to a small extent while maintaining the same function.
